We report the spontaneous formation of a stable mannitol-producing variant of Leuconostoc pseudomesenteroides. The mannitol-producing variant showed mannitol dehydrogenase activity which was absent in the parental strain. It was also able to use fructose and glucose simultaneously, whereas the parental strain showed diauxic growth with these sugars. A possible explanation of these observations is discussed.
Starter cultures of lactic acid bacteria are often prepared by drying processes which impose stress conditions on the cells. Mannitol was shown to have an osmoprotecting effect on several organisms, including lactic acid bacteria, and it also enhances the survival of dried Lactococcus lactis cells (4) . In addition, mannitol has an antioxidant effect by scavenging off free hydroxyl radicals, preventing oxidative damage (13) . Besides that, mannitol is about half as sweet as sucrose and since it is not metabolizable by humans it is considered to be a low-calorie sweetener (6) . The application of mannitol-overproducing lactic acid bacteria may lead to the production of fermented foods with extra nutritional value (functional foods). Up to now, mannitol has been produced by chemical hydrogenation of fructose, resulting in mannitol and its isomer sorbitol in almost equal amounts (8) .
In the presence of fructose or sucrose the heterofermentative lactic acid bacterium Leuconostoc mesenteroides is able to produce high levels of mannitol (14, 15) . Heterofermentative lactic acid bacteria normally ferment carbohydrates to equimolar amounts of lactate, carbon dioxide, and ethanol (2) . An extra ATP can be gained by the production of acetate instead of ethanol. The regeneration of reducing equivalents can be achieved by reducing fructose to mannitol by the activity of an NADH-linked mannitol dehydrogenase (Fig. 1) . Also, some homofermentative lactic acid bacteria are known to produce mannitol, but only in very small amounts (5, 7). Neves et al. (9) showed that a lactate dehydrogenase-deficient mutant of Lactococcus lactis transiently accumulates intracellular mannitol.
In this work, our research focuses on the physiology of the growth and production of mannitol by Leuconostoc pseudomesenteroides.
Growth experiments and analyses. L. pseudomesenteroides DSM 20193 was routinely cultivated in static N 2 -flushed sealed bottles at 30°C with a glucose medium derived from the growth medium described by Vandamme et al. (15) with 150 mM glucose at an initial pH of 6.5. Growth experiments with batch and continuous cultures were performed in a glass fermenter with a working volume of 600 ml at 30°C, an agitation rate of 300 rpm, and a N 2 atmosphere. All growth experiments were performed in a fructose medium that was similar to the glucose medium mentioned above except that glucose was replaced by 150 mM fructose, unless otherwise described. The initial pH was 6.5, and after a free pH course until pH 4.5, the pH was kept constant at 4.5 using 2 M NaOH. The dilution rate in continuous fermentations was set at 0.1 h Ϫ1 and controlled by the pump rate of the medium inlet. Growth was monitored by optical density measurement at 600 nm (OD 600 ). Sugars and fermentation products were analyzed by high-performance liquid chromatography using an InterAction ION-300 column (Alltech, Breda, The Netherlands) at 90°C with a flow rate of 0.4 ml min Ϫ1 , with 3 mM H 2 SO 4 as the eluent, and were detected by refractive index detection. It was assumed that equimolar amounts of carbon dioxide and lactate were produced. Mannitol-producing cells were distinguished from nonmannitol-producing cells by plating out culture samples on glucose agar plates. Separate colonies were suspended in fructose medium and incubated for 48 h. Hereafter, mannitol production in the culture samples was analyzed by the colorimetric assay of alditols described by Sanchez (11) .
For the preparation of cell extracts, cells were harvested by centrifugation (20,000 ϫ g; 10 min), washed twice in chilled 50 mM potassium phosphate buffer (pH 7.0), and resuspended in the same buffer. Cells were disrupted ultrasonically, and unbroken cells and cell debris were removed by centrifugation (8,000 ϫ g; 10 min). Mannitol dehydrogenase activity was assayed according to the procedure of Sakai and Yamanaka (10) . The protein content of the cell extracts was determined by the BCA protein assay (Pierce, Omnilabo International, Breda, The Netherlands) with bovine serum albumin as a standard.
Isolation of a mannitol-producing variant strain. L. pseudomesenteroides strain DSM 20193 was obtained from Deutsche Sammlung von Mikroorganismen und Zellkulturen (Braunschweig, Germany). The bacterium was, as indicated by Deutsche Sammlung von Mikroorganismen und Zellkulturen, identical to the strain ATCC 12291 used by Vandamme et al. (15) and Soetaert (14) , who showed that the strain produced high levels of mannitol when grown with fructose or sucrose. Surprisingly, strain DSM 20193 did not produce any mannitol when grown in fructose medium, in both batch and continuous cultures. However, when the strain was subcultivated several times in succession, a mannitol-producing variant was spontaneously formed. We observed that the mannitol-producing ability was stable: repeated subcultivation of separate colonies of this variant strain (here designated "mannitol positive") in liquid or on solid media with glucose medium did not lead to a reappearance of the original strain (here designated "mannitol negative"). Furthermore, the switch from the mannitol- negative to the mannitol-positive phenotype was not found when the strain was grown in the absence of fructose or sucrose. Since strains DSM 20193 and ATCC 12291 are claimed to be identical, we postulate that Vandamme et al. and Soetaert performed their research with a strain that had changed its phenotype in a similar way.
When grown in fructose medium, the mannitol-negative strain showed a maximum growth rate of 0.39 h Ϫ1 . Equimolar amounts of lactate and ethanol were produced with trace amounts of acetate ( Fig. 2A and B) . The mannitol-positive variant strain grew faster (maximum growth rate, 0.55 h
Ϫ1
) and produced mannitol with a conversion efficiency of 0.65 mol of mannitol/mol of fructose ( Fig. 2C and D) . The variant strain produced a high level of acetate, whereas ethanol production was low. When cultivated in a growth medium with both glucose (50 mM) and fructose (100 mM), the mannitol-negative strain showed a diauxic growth pattern. Utilization of fructose started only after glucose depletion, but no mannitol formation was observed. The mannitol-positive variant strain utilized both carbohydrates simultaneously. Glucose was fermented, whereas fructose was converted into mannitol with a conversion efficiency of at most 0.95 mol of mannitol/mol of fructose. The concentrations of mannitol and fermentation products were almost identical compared to those found in the batch culture experiment with fructose only.
The same switch from the mannitol-negative phenotype to the mannitol-positive phenotype was found in continuous culture experiments. Initially no mannitol was produced, but after at least 40 h of incubation, mannitol production started (Fig.  3) . During this change in metabolism, the amount of mannitol produced was found to be proportional to the relative number of mannitol-positive cells in the fermenter. From the moment mannitol production had stabilized, the mannitol-negative strain was completely outgrown by the mannitol-positive variant.
Mannitol dehydrogenase activity. The mannitol-negative strain did not show any mannitol dehydrogenase activity, but activities of up to 6.4 mol min Ϫ1 mg of protein Ϫ1 were observed in the mannitol-positive variant. The mannitol dehydrogenase activity in the cell extracts of the mannitol-positive strain was independent of the carbohydrate source in the growth medium, indicating that the enzyme was constitutively present. The maximal reduction rate of fructose was approximately four times higher than the maximal oxidation rate of mannitol (6.4 and 1.7 mol min Ϫ1 mg of protein Ϫ1 , respectively). No activities were found with sorbitol, fructose-6-phosphate, fructose-1-phosphate, or mannitol-1-phosphate, indicating that the enzyme has a high substrate specificity. Protein pattern analysis of cell extracts by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (PAGE) showed that the mannitol-positive strain contains an enzyme with a molecular size of 43 kDa, whereas the mannitol-negative strain does not. Using the enzyme activity staining procedure of Selander et al. (12) , mannitol dehydrogenase activity in cell extracts of mannitol-positive cells was made visible on a native PAGE gel. The intense protein band was not observed in cell extracts of mannitol-negative cells. Analysis of the stained protein band by sodium dodecyl sulfate-PAGE confirmed the molecular size of 43 kDa.
Conclusions.
We isolated a mannitol-producing variant strain of L. pseudomesenteroides DSM 20193 that has a growth advantage over the mannitol-negative parental strain due to a higher energy production rate from the utilization of fructose, and it quickly predominated in the growth culture. The mannitol-producing variant differs from the mannitol-negative original strain in two physiological aspects: the presence of mannitol dehydrogenase activity and the simultaneous utilization of fructose and glucose. The described change in phenotype was not observed before in mannitol-producing organisms, and the mechanism of the change in phenotype is also not yet clear. The presence of mannitol dehydrogenase is clearly a prerequisite for mannitol production. However, it is unlikely that the presence of mannitol dehydrogenase could enable the simultaneous utilization of fructose and glucose. Since the mannitol-negative strain does not utilize glucose and fructose at the same time, a repression of the uptake of fructose by glucose is plausible. This repression was not observed in the mannitol-positive variant strain, indicating that in the latter strain there might be a fructose transporter that is insensitive for repression by glucose. The change in phenotype might be caused by a spontaneously formed mutation on the regulatory level of a gene cluster coding for mannitol dehydrogenase plus possibly a second fructose transporter. Spontaneous mutations in lactic acid bacteria, often leading to growth advantages, have been reported before (1, 3) . Further research on the occurrence of this mechanism is in progress. A mannitol-producing Leuconostoc strain would be directly applicable for use in food products. However, Leuconostoc strains are only utilized in a few fields of the food industry and the requirement for fructose or sucrose may also limit the variety of applications. On the other hand, homofermentative dairy strains such as Lactococcus lactis do not produce mannitol. Mannitol formation in such strains is obviously strongly regulated, so much more research is required in order to achieve a mannitol-overproducing dairy lactic acid bacterium. The results obtained in our work may contribute to an understanding of the regulatory mechanisms involved in mannitol production and may eventually be used to induce mannitol production in other lactic acid bacteria.
